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Analysis of Pressure Fluctuations in Fluidized Beds
David Falkowski and Robert C. Brown*
Center for Sustainable Environmental Technologies, Iowa State University,
286 Metals Development Building, Ames, Iowa 50011
Pressure fluctuations were measured in a fluidized bed and evaluated in the frequency domain.
The objective of this research was to determine the effect of bed parameters on the power spectra
from the corresponding pressure fluctuations. The motivation for this work is to develop pressure
fluctuations as a diagnostic tool for fluidized-bed reactors and combustors. Pressure fluctuation
data for a range of bed heights, fluidization velocities, particle sizes, particle densities, and bed
temperatures were taken to determine the effect of these parameters on the power spectrum.
The dominant frequency was a function of the height of the fluidized bed. Secondary peaks were
not influenced by the height of the bed, although they did depend on the position of the probe
in the bed. Peaks in power spectra were observed to shift in frequency as the gas superficial
velocity through the bed was changed. Powders of different classification had distinctive power
spectra. Group A powders behaved like first-order linear systems; group B powders showed
similarities to second-order linear systems; and group D powders exhibited harmonic behavior
in their power spectra. When pressure fluctuations were measured over a temperature range
from ambient to above 500 °C, power spectra varied little when the ratio of the superficial velocity
to the minimum fluidization velocity was held relatively constant.
1. Introduction
Fluidized beds have been utilized in industry for
many years in such processes as coal gasification and
catalytic cracking of hydrocarbons. From their initial
use, researchers have recognized the link between a
fluidized bed’s performance and its pressure fluctua-
tions. Even though a large number of studies have
investigated this relationship, the phenomenon is still
not well understood. The goal of this research is to
increase the understanding of the pressure fluctuations
in a fluidized bed. This will benefit several different
areas of work associated with fluidized beds, including
issues related to hydrodynamic and heat-transfer si-
militude,1,2 chemical processes occurring in fluidized
beds,3,4 and the use of pressure fluctuations as a
diagnostic tool for the fluidized bed’s performance and
fluidization regime identification.5-8
The testing and analysis methods used to evaluate
fluidized-bed pressure fluctuations have varied widely
among researchers. Brue and Brown investigated sam-
pling and analysis techniques traditionally used to
measure and interpret pressure fluctuations.9-11 They
were the first researchers to use Bode plots to study
spectra obtained from pressure fluctuations. They noted
that several spectral features such as multiple-peak
phenomena were more easily recognized with Bode
plots. The present study extends this previous work by
using Bode plots to examine pressure data acquired over
a range of bed heights, fluidization velocities, particle
diameters, particle densities, and bed temperatures.
2. Background
2.1. Pressure Fluctuation Analysis Techniques.
Both time- and frequency-domain analysis techniques
have been used to describe pressure fluctuations in a
fluidized bed. In the earliest studies of pressure fluctua-
tions in fluidized beds, Tamarin12 and Hiby13 used visual
observation of the pressure signals with time to deter-
mine the frequency of the pressure fluctuations. Kang
et al.14 were among the first to use signal analysis
techniques to describe the time and frequency charac-
teristics of the pressure fluctuations. These techniques
included probability density functions, the root mean
square of the pressure fluctuations, and the power
spectral density.
Lirag and Littman15 extended the analysis techniques
used by Kang et al.14 to include autocorrelation and
cross-correlation functions. The autocorrelation function
was used to determine if a periodic phenomenon existed
in the pressure fluctuations, while the cross-correlation
function was used to determine if the pressure fluctua-
tions in the bed occurred slightly before the pressure
fluctuations in the plenum. They used the time lag from
the cross-correlation function and the distance between
probes to calculate the propagation velocity of the
pressure wave. Fan et al.16 used these two functions in
a similar manner. Clark et al.17 also discussed the
autocorrelation function, power spectral density, and
fast Fourier transform techniques and provided ex-
amples of each with a slugging fluidized bed.
Brue10 was the first researcher to use Bode plots to
study the power spectra of fluidized beds. The Bode plot
technique consists of the logarithm of the power spec-
trum plotted against the logarithm of the frequency. By
performing this transformation, Brue discovered several
important characteristics of the pressure fluctuations
in the power spectrum that were not previously ob-
served. First, low-magnitude, secondary peaks that were
not apparent in power spectral density plots were easily
observed in the Bode plots. Second, bubbling fluidized
beds were shown to have characteristics (e.g., -40 dB/
decade decay slopes) expected of second-order linear
dynamical systems.
2.2. Pressure Fluctuation Characteristics in the
Frequency Domain. The following section describes
the relationship between fluidized-bed pressure fluctua-
tions and the variables of bed height, fluidization
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velocity, particle density/diameter, and bed tempera-
ture. Multiple-peak phenomena are included in the last
section because they are observed in several of the
power spectra.
2.2.1. Bed Height Effects. Hiby13 was the first
researcher to relate the periodic nature of pressure
fluctuations in a fluidized bed to a “natural frequency”
occurring in the bed. He developed an equation to
predict this natural frequency:
In this equation, ön is the natural frequency of the
bed, g is gravity,  is the bed voidage, and Hmf is the
bed height at minimum fluidization. Hiby estimated
that eq 1 was valid for shallow beds with heights of
about 10 particle diameters. As the bed height was
increased, the fluctuations became more random. The
relationship of frequency being inversely proportional
to the square root of the bed height remained reasonably
accurate for bed heights of up to 500 particle diameters.
Other researchers have experimentally confirmed this
relationship for bed depths extending to over 1000
particle diameters.16,18,19 Sun et al.20,21 developed a
relationship in which the frequency was inversely
proportional to the bed diameter, but subsequent work
by Bi and Grace22 showed that the appropriate inde-
pendent variable was the bed height.
Verloop and Heertjes23 concluded from their studies
of fluidized beds that pressure fluctuations are due to
bubble inception at low bed heights, which is consistent
with the theory of Hiby,13 but that slugging phenomena
become dominant once a critical bed height is reached.
This bed height is on the order of a few hundred particle
diameters. Using an energy balance on the fluidized bed,
they derived the following equation for the natural
frequency of a “lower-height” bed:
This equation is valid up to a critical bed height, above
which slugging occurs. This critical height, Lc, is given
by the following equation:
In this equation, dp is the particle diameter, umf is the
superficial velocity at minimum fluidization, and u is
the superficial velocity.
The frequency relationship for slugging (ös) is given
by
where Db is the bed diameter. Baeyens and Geldart24
also determined that the slugging frequency was a
function of the bed diameter, and Roy et al.25 developed
a similar equation for the slugging frequency based on
the bed height.
2.2.2. Fluidization Velocity Effects. The effect of
the fluidization velocity on the power spectra of pressure
fluctuations is not well understood. Researchers gener-
ally agree that the dominant frequency increases with
increasing superficial velocity.9,15,26 For example, Van
der Schaaf et al.26 found two peaks in the power spectra
to increase with increasing superficial velocity before
eventually becoming independent of the gas velocity.
These authors did not provide a reason for this behavior,
but many researchers ascribe it to bubble phenomena
in fluidized beds. For example, Fan et al.27 measured
bubble rise velocities in several fluidization regimes,
including bubbling, slugging, and turbulent fluidization.
They showed that for the bubbling regime both the
dominant frequency and the bubble rise velocity in-
creased with increasing superficial velocity. At the
transition between bubbling and slugging regimes, a
“jumplike” drop in the bubble rise velocity was observed.
This transition coincides with the transition from bub-
bling to slugging observed at the critical height pre-
sented by Verloop and Heertjes.23
2.2.3. Particle Diameter and Density Effects.
Geldart28 and Kunni and Levenspiel29 have described
the relationship between the particle diameter/density
effects and fluidization regimes. As observed by these
researchers, slugging (or turbulent churning) often
occurs in beds fluidized with group D particles. The
criteria for determining if a bed is slugging is generally
concluded through visual observation,24 but other meth-
ods involving the amplitude of the pressure fluctua-
tions,30 the occurrence of a minimum in the magnitude
of pressure fluctuations,24 or the ratio of the bubble size
to the bed diameter29 have been used. Power spectra
from slugging beds generally have only a single peak
or a peak that is of considerably greater magnitude than
secondary peaks. Clark17 provides an example of a
power spectrum for a slugging bed of group D particles.
Often researchers do not distinguish between the
results obtained from group A and B particles.25,31 For
example, Roy et al.25 use frequency data from both group
A and B particles to determine a correlation for the
natural frequency of a slugging bed, while Dhodapkar
and Klinzing31 provide examples of power spectra from
group A and B particles that appear similar.
2.2.4. Bed Temperature Effects. Very few studies
have investigated the effect of temperature on pressure
fluctuations in fluidized beds. Svoboda et al.32 measured
pressure fluctuations in a fluidized bed across a tem-
perature range of 20-700 °C. For freely bubbling beds,
their experiments showed that the dominant frequency
increased significantly as the bed temperature increased
for the ratio of superficial velocity to minimum fluidiza-
tion velocity, U/Umf, ranging between 1 and 1.3. This
result agrees with several other researchers who used
optical or capacitive probes to measure the bubble
frequency over the same temperature range.33-35 How-
ever, Fan et al.36 observed a more complex dependence
between the dominant frequency and temperature than
that reported by Svoboda et al.32
2.2.5. Multiple-Peak Phenomena. In most of the
studies discussed above, only the dominant frequency
in the power spectra was reported. Svoboda et al.32 were
one of the few groups to describe multiple-peak phen-
omena arising from pressure data. They found three
peaks in the power spectra that changed in frequency
as the velocity was changed.
Kage et al.37 studied pressure fluctuations in the
plenum of a bubbling fluidized bed. In several cases,
they observed three peaks in the power spectra, which
they believed arose from the eruption of bubbles from
ön )
2
ðxg(1 - )3Hmf (1)
ön )
1
2ðxg(2 - )Hmf (2)
Lc )
400ðdpumf
(2 - )u
(3)
ös ) 0.35xgDbHmf (4)
5722 Ind. Eng. Chem. Res., Vol. 43, No. 18, 2004
D
ow
nl
oa
de
d 
by
 IO
W
A
 S
TA
TE
 U
N
IV
 o
n 
Se
pt
em
be
r 9
, 2
01
5 
| ht
tp:
//p
ubs
.ac
s.o
rg 
 
Pu
bl
ic
at
io
n 
D
at
e 
(W
eb
): 
Ju
ne
 10
, 2
00
4 | 
doi
: 1
0.1
021
/ie0
306
84u
the bed, the generation of bubbles at the distributor
plate, and the natural frequency of the fluidized media.
Svensson et al.38 provided evidence of another multiple-
frequency phenomenon: the disappearance of one peak
and the emergence of another as the superficial velocity
increased. Although this testing was done in a circulat-
ing fluidized bed and the increase in the superficial
velocity needed to bring about this change was very
large, it demonstrates that the emergence and disap-
pearance of peaks is possible.
3. Experimental Apparatus and Procedure
3.1. Experimental Apparatus. The fluidized-bed
reactor used in this work is part of a pyrolysis system
located at the BECON Research Facility in Nevada, IA,
and is described in detail in ref 39. The fluidized-bed
reactor is constructed of stainless steel and had a
diameter of 16.2 cm and a height of 100 cm. The
distributor plate has 66 holes with diameter of 0.28 cm
drilled in a square pattern, resulting in a 2% open area.
A natural gas burner provided energy to the bed via a
heating jacket annulus around the bed. House air was
used as the fluidizing gas for testing.
The pressure probe used in this study consisted of a
pair of stainless steel tubes, referred to as the probe
arms, of 0.46 cm i.d. and 0.64 cm o.d. As shown in Figure
1, the probe arms were inserted vertically into the bed
through an end plate at the top of the cylindrical
fluidized-bed reactor and held in place with compression
fittings (during testing at ambient temperature, a
mounting bracket was substituted for the end plate to
allow visual inspection of the fluidized bed). The hori-
zontal (radial) distance between the two probe arms was
5.08 cm, and the vertical (axial) distance between the
two arms was 2.54 cm. A wire mesh with 41% open area
and a 65 ím open width covered the open ends of the
probe arms to prevent bed particles from entering. The
top end of the probe was attached to the pressure
transducer through a short (less than 2 cm) section of
plastic tubing.
The pressure transducers and flow measurement
devices used in this testing are described in Table 1.
The pressure transducer signal was recorded using
National Instrument’s hardware and software, and
volumetric flow data were recorded by hand. Table 2
lists the bed media used in this testing, along with the
mean particle diameter and the particle density. The
tolerances on the large glass beads and plastic spheres
were (125 and (50 ím, respectively.
3.2. Experimental Procedure. To begin the pres-
sure acquisition procedure, the bed operating param-
eters were set to the given test conditions. About
123 000 data points were then acquired at a sampling
frequency of 100 Hz. This sampling frequency allowed
for the detection of all relevant frequencies. Because
each spectrum’s roll-off (the slope of the spectrum by
which the signal is attenuated at higher frequencies9)
was used to compare beds with different operating
conditions, this sampling frequency also allowed for
slope comparisons between the different conditions. The
data analysis technique included the averaging of 29
power spectra and plotting of the power spectra on a
Bode plot. This technique is discussed in ref 39 and has
been used elsewhere.9-11
For the probe technique used in this study, both probe
arms were submersed in the bed. One arm was con-
nected directly to one of the two ports of the pressure
transducer while the other arm was connected to the
input side of a Ray Solid Body pressure snubber (model
023B). The output side of the pressure snubber was
connected to the second port of the pressure transducer.
The pressure snubber filtered out pressure fluctuations,
providing a constant pressure signal to the pressure
transducer. This allowed for more accurate pressure
measurements through the use of a narrower-range
pressure transducer that more fully encompassed the
pressure fluctuations instead of a wider-range trans-
ducer that accounted for the higher average pressure
and the pressure fluctuations. Several tests were per-
formed that showed that the pressure signal through
the pressure snubber was constant. To determine the
minimum superficial velocity, a technique described by
Fan et al.40 was used. This technique involved slowly
increasing the gas flow to the bed until small pressure
fluctuations were seen in the pressure signal. This is
the point of minimum fluidization, and the presence of
Table 1. Description of Instruments Used in Experimental Apparatus
device model range accuracy (%)
Omega pressure transducer PX142-001D5V 0-6900 Pa 1.3
Omega pressure transducer PX163-2.5BD5V (622 Pa 1.3
Omega pressure transducer PX163-005BD5V (1244 Pa 1.3
Omega pressure transducer PX164-005D5V 0-1244 Pa 1.3
Alicat flow controller sensor MC-500SLPM-D/CM 0-500 LPM 1.5
Omega rotameter FL4613 0-566 LPM 2.5
Key Instruments rotameter FR4000A36BL 0-94 LPM 3.0
Figure 1. Arrangement of probe arms in a fluidized bed to
measure the differential pressure (not to scale).
Table 2. Bed Media with Corresponding Particle Mean
Diameters and Densities
bed media mean diameter (ím) density (kg/m3)
Badger 16  30 sand 878 2650
Badger 30  50 sand 494 2650
large glass beads 1125 2650
plastic spheres 200 630
Ind. Eng. Chem. Res., Vol. 43, No. 18, 2004 5723
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pressure fluctuations at this point was very apparent
as compared to the constant pressure in a packed bed.
Because the bed height was somewhat difficult to
measure accurately when the bed was fluidized, the
mass of the bed media (e.g., sand) was measured with
a Setra model 1000 scale. The media was weighed in
increments of up to approximately 1000 g and added to
the bed until the desired bed mass was attained. This
was done so that nearly identical bed conditions (e.g.,
bed heights) could be achieved between tests that were
not performed consecutively on the same day.
4. Results and Discussion
The following section describes the effect of several
fluidized-bed parameters on the power spectra. These
parameters include the bed height, superficial velocity,
particle density, particle diameter, and bed tempera-
ture.
4.1. Influence of the Bed Height. To understand
the influence of the bed height on the power spectrum,
tests were performed at different bed heights with the
probe arms positioned at a fixed distance above the
distributor plate. Figure 2 shows power spectra for four
different bed heights ranging from 8.6 to 50.8 cm with
the probe arms 3.8 cm above the distributor plate.
Figure 2 shows that the dominant frequency de-
creases as the bed height increases. The shifting of the
dominant peak with the bed height is well documented
by other researchers.13,23 For the four peaks of greatest
magnitude, it was found that their frequencies were
related to the bed height by the following power law:
where f is the frequency of the peak, h is the fluidized-
bed height, and the coefficient of determination (R2) for
this equation is 0.9604. This exponent (-0.63) is be-
tween values found in the literature for beds of less than
1 cm in height (-0.5)13 and beds of greater than 1 m in
height (-1.0).25
The Bode plot is characterized by a low-frequency
horizontal asymptote (some cases are more clearly
discerned than others) and a high-frequency roll-off of
approximately constant slope. A secondary spectral peak
at about 8 Hz frequently interrupts this roll-off. How-
ever, both before and after the 8 Hz peak, the slope of
the Bode plot is approximately -40 dB/decade, which
is characteristic of the Bode plots for second-order linear
dynamical systems.41 The secondary peak at 8 Hz is not
a function of the bed height, which contrasts with the
behavior of the dominant peaks documented here and
in the literature. This secondary peak has not been
reported previously in the literature. The probable
reason for this oversight is the small magnitude of this
and other secondary peaks, which are difficult to discern
on conventional power spectral density plots.
Power spectra for different bed heights were also
determined with the probe arm at a constant position
with respect to the bed surface (as opposed to the
previous tests that held the probes at a constant position
with respect to the distributor plate). Figure 3 shows
eight different bed heights in the range of 9.4-16.5 cm.
For each of these tests, the probe arm was kept 2.5 cm
below the surface of the bed.
The shifting of the dominant peak to lower frequen-
cies with an increase in the bed height follows a power
law given by
with R2 equal to 0.9984. This relationship is similar to
eq 5 and agrees with the literature. When the arm
position was kept near the surface as sand was added,
the entire spectrum shifted to lower frequencies while
the shape of the spectrum remained similar. This is in
contrast with the power spectra of Figure 2, where the
amplitude of the power spectrum remained constant
above a frequency of 5 Hz for all probe arm positions.
4.2. Influence of the Superficial Velocity. To
understand the effect of the superficial velocity on the
Figure 2. Power spectra at four different bed heights with the
probe arm at a constant position from the distributor plate.
f ∝ h-0.63 (5)
Figure 3. Power spectra at eight bed heights with the probe arm
at a constant position of 2.5 cm below the bed surface for each
test. The power spectra are offset by 6 dB to clarify any differences.
f ∝ h-0.65 (6)
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power spectrum, tests were performed at different
U/Umf, which is the ratio of the superficial gas velocity
in the bed to the superficial velocity at the minimum
fluidization condition. In Figure 4, power spectra are
shown for U/Umf ranging from 1.06 (265 LPM) to a
U/Umf of 1.72 (430 LPM). The U/Umf for each spectrum
is listed in parentheses, with the corresponding volu-
metric flow rate in the legend.
When U/Umf increased, peaks in the power spectra
were found to shift in frequency and increase or decrease
in magnitude relative to one another. The magnitude
of each peak is shown to be a strong function of U/Umf,
increasing in magnitude with an increase in velocity.
The two largest-magnitude peaks in the power spectrum
at a U/Umf of 1.06 occur at 1 and 3 Hz. When U/Umf
increases to 1.72, the two strongest peaks shift to 3 and
5 Hz. This trend of dominant frequencies increasing
with velocity agrees with that of Van der Schaaf et al.26
The relative magnitude of the two strongest peaks
also changes with increasing U/Umf. For example, as
U/Umf increases from 1.24 to 1.60, the secondary peak
at 2.1 Hz becomes the primary peak. Svoboda et al.32
have observed this phenomenon and described it as a
“jumplike change”, but the Bode plot offers a more
informative view of this phenomenon. Instead of peaks
appearing and disappearing, the present data suggest
that there is a gradual shift in dominance between the
two peaks as the superficial velocity increases. This
shifting in peak dominance may be attributed to a
change in the fluidization regime. Regime changes have
been observed in the frequency domain elsewhere, such
as the work by Fan et al.,27 which documented a shift
in the dominant frequency in going from a bubbling to
a slugging regime. A similar change in the fluidization
regime may be occurring here.
Figure 5 further illustrates the effect of U/Umf on the
power spectra, with U/Umf varied from 1.18 to 1.66. The
initially dominant peak at 3 Hz is gradually overtaken
in magnitude by an initially smaller peak at 5 Hz as
U/Umf increases.
4.3. Influence of the Particle Diameter and
Density. 4.3.1. Group D Particles. When beds with
group D particles were fluidized, harmonics appeared
in the power spectra. To further understand this
phenomenon, pressure data were acquired for two
different group D particles. Figure 6 compares the power
spectra for 16  30 sand and 1.1 mm diameter glass
beads.
Visual observation during these two tests revealed
that slugging was occurring. As shown in this figure,
the peak location and magnitude of the dominant and
Figure 4. Power spectra from the bed operating at different
U/Umf. The power spectra are offset by 6 dB to clarify any
differences. U/Umf for each spectrum is listed in parentheses, with
the corresponding volumetric flow in the legend.
Figure 5. Power spectra showing the continuous growth of the
dominant peak at five different superficial U/Umf. The U/Umf for
each spectrum is listed in parentheses, with the corresponding
volumetric flow in the legend.
Figure 6. Presence of harmonics in the power spectra with group
D glass beads and sand particles. The power spectra are offset by
10 dB to clarify any differences. In the accompanying table,
operating conditions with two entries list the parameter associated
with the Badger sand first and the glass beads second.
Ind. Eng. Chem. Res., Vol. 43, No. 18, 2004 5725
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secondary peaks (1.5 and 2.9 Hz, respectively) for the
two spectra are very similar despite the difference in
average particle diameters. Baeyens and Geldart24 also
note that the dominant frequency does not change for
slugging beds at the same height with different particle
diameters. The Bode plot makes the secondary peak
discernible, whereas it would not be easily observable
with the power spectral density technique.
To understand why harmonic frequencies were present,
the pressure fluctuations from slugging beds were exam-
ined in the time domain. Figure 7 shows a 5 s pressure
fluctuation signal for the 1.1 mm diameter glass beads.
The pressure fluctuations resemble a square wave, and
visual observation of the bed showed that the bed was
slugging. Recalling that a square wave consists of
multiples of the fundamental frequency, the appearance
of harmonics for the slugging bed is not surprising.
The locations of the dominant and secondary peaks
were examined to determine whether they were har-
monics of a fundamental frequency. Figure 8 shows the
power spectrum for a bed operating with Badger 16 
30 sand. The locations of four peaks are labeled on this
figure. Examining the peak frequencies in this figure
shows that the peaks are close to whole multiples of
each other. Taking the fundamental frequency to be 0.75
Hz, the other peaks at 1.5, 2.9, and 4.3 Hz are close to
the second, fourth, and sixth harmonics. The dominant
peak (1.5 Hz and 14 dB) and second largest peak in mag-
nitude (2.9 Hz and 2 dB) are easily recognizable in Fig-
ure 8, but the magnitudes in the power spectrum are
different by a factor of 15. This large difference in mag-
nitude makes it difficult to discern the second peak
when viewed with techniques such as the power spectral
density.
Tests were also performed with steel beads to deter-
mine the effect of high-density particles on the power
spectrum.39 These tests showed that harmonics similar
to those observed in Figure 8 were present in the power
spectrum. With the steel particles, the square-wave
phenomenon is associated with the larger gas forces
needed to move the heavier particles. For example, a
bubble in a steel-particle bed needs more force to
displace the particles compared to a bubble in a sand-
particle bed.
4.3.2. Group A Particles. Pressure data in a fluid-
ized bed of group A particles were generated using
plastic beads of 200 ím diameter and a specific density
of 0.63. The Bode plot for these particles, illustrated in
Figure 9, has a slope of -20 dB/decade, which corre-
sponds to a first-order linear system. Why fluidized beds
of group A particles should behave like first-order
systems while beds of group B and D particles should
behave like second-order linear systems is not readily
understood. The simplest hydrodynamic example of a
first-order system is a continuously stirred tank reac-
tor.41 The emulsion phase in a fluidized bed is often
assumed to behave as a continuously stirred tank reac-
tor;42 thus, this result suggests that the flow of gas
through this bed of group A particles was predominately
through the emulsion phase. However, it is widely
accepted that a proportionately larger amount of gas
flows through the emulsion phase of beds of group B
and D particles than occurs for group A particles.42
Further investigations will be required to understand
the origin of this first-order response in beds of small,
low-density powders.
4.3.3. Summary of the Particle Diameter and
Density Effects. The previous figures showed several
differences in spectra that depended on the particle
diameter and density. These included first-order char-
acteristics (e.g., Figure 9), multiple-peak phenomena
occurring in the bed (e.g., Figure 2), and harmonic
Figure 7. Presence of “square-wave” pressure fluctuations in the
time domain with 1.1 mm glass beads.
Figure 8. Presence of harmonics with Badger 16  30 sand.
Figure 9. Power spectra with low-density plastic particles
showing first-order behavior.
5726 Ind. Eng. Chem. Res., Vol. 43, No. 18, 2004
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behavior (e.g., Figure 8). To understand these charac-
teristics better, the Geldart classification system was
reexamined with the types of particles used in this
research. Figure 10 shows the Geldart classification
system,14 with the five types of particles tested in this
research noted on the figure. Particle information is
listed in the accompanying table.
Following the dashed arrow in Figure 10, the bubble
size generally increases from relatively small bubbles
with the group A particles to larger bubbles with the
group B particles to slugs with the group D particles.
This transition through the Geldart groups is ac-
companied by first-order dynamics (group A), second-
order dynamics with multiple-peak phenomena (group
B), and harmonic behavior (group D), respectively.
Because the change in the spectrum characteristics
occurs at the transition between particle classifications,
they are likely linked to the same bubble effect phen-
omena that account for the classification differences
(e.g., square-wave pressure fluctuations from slugging
yielding the harmonics).
4.4. Influence of the Temperature. The effect of
the temperature on the power spectrum is not well
understood. To study this effect, pressure fluctuation
data were acquired with the bed temperatures ranging
from 21 to 512 °C. The bed height and probe position
were constant for all tests. Figure 11 shows the resulting
power spectra for these tests, with U/Umf listed in
parentheses after the bed temperature in the legend.
Both the superficial velocities and minimum fluidization
velocities were evaluated at the bed temperature for the
test. For these nine spectra, U/Umf was in the range of
1.3-1.5.
In Figure 11, the dominant frequency (4-5 Hz) and
two secondary frequencies (2-3 and 6-7 Hz) remain
constant throughout the temperature range. The domi-
nant frequency varied within a 1 Hz range (4-5 Hz),
which agreed with the results of Fan et al.36 Further-
more, the Bode plots show that the secondary peaks and
general shape of the power spectra remain fairly
constant for the given temperature range.
Superficial velocity tests were also performed with the
same operating conditions as those in the previous
figure at 512 °C, except that U/Umf was varied from 1.3
to 2.3. The tests shown in Figure 12 were performed to
understand the effect of the superficial velocity on the
peaks in the power spectra.
The two largest peaks (1.9-2.9 and 4.6-5.0 Hz)
showed a growth in magnitude with increasing velocity
Figure 10. Geldart classification system with the plastic (1), sand
(2 and 3), glass (4), and steel (5) particles examined in this research
imposed on the figure. Figure 11. Power spectra at bed temperatures ranging from 21
to 512 °C with U/Umf set between 1.3 and 1.5. The power spectra
are offset by 8 dB to clarify any differences.
Figure 12. Power spectra at a bed temperature of 512 °C with
U/Umf varied from 1.3 to 2.3. The power spectra are offset by 6 dB
to clarify any differences.
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similar to velocity tests at ambient temperature (Figure
4). The main difference between these two figures is that
the dominant peak at the highest flow rate in Figure 4
was a secondary peak at lower flow rates, whereas the
dominant peak remained at 4-5 Hz in all of the spectra
shown in Figure 12. If changes in the superficial velocity
produce changes in the secondary peaks of the power
spectrum, these results may explain the wide scatter
and odd trends in the data of Fan et al.36 The testing
shown in Figures 11 and 12 provides initial information
for understanding the effect of the temperature on the
multiple peaks in the power spectra.
5. Conclusions
Bode plots proved useful in studying the power
spectra of pressure fluctuations obtained from fluidized
beds and offer a new perspective on fluidized beds as
dynamical systems. The work confirmed the results
obtained by other researchers as well as highlighted
phenomena not previously recognized. For example,
Bode plot analysis revealed the dependence of the
primary peak frequency on the bed height as well as
discerned that the frequency of a previously unrecog-
nized secondary peak was independent of the bed
height. The Bode plot also helped to recognize that the
difficulty in interpreting the effect of the superficial
velocity on the spectral position of the primary peak was
a result of two peaks existing in the spectra, which grew
in magnitude relative to one another as the superficial
velocity changed. Bode plots were used to investigate
the role of Geldhart particle classification on pressure
fluctuations. The Bode plots obtained by fluidizing group
D particles contained harmonic frequencies, arising
from the square-wave pattern of pressure in the time
domain. The Bode plots for group A particles resembled
those of first-order linear systems, which might reflect
the predominance of gas flow through the emulsion
phase of the fluidized media. Finally, Bode plot analysis
was used to show that temperature had little effect on
the spectral characteristics.
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Nomenclature
dp ) particle diameter (ím)
f ) natural frequency (Hz)
g ) gravitational constant (m/s2)
Hmf ) bed height at minimum fluidization (m)
h ) bed height (m)
Lc ) critical bed height (m)
R ) coefficient of determination
u ) superficial velocity (cm/s)
umf ) superficial velocity at minimum fluidization (cm/s)
Abbreviation
LPM ) liters per minute
Greek Symbols
ön ) natural frequency of the bed (rad/s)
ös ) slugging frequency of the bed (rad/s)
 ) voidage
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